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’ INTRODUCTION

Understanding molecular orientation and its distribution at
interfaces is of fundamental and practical importance.1�3 One
application where information on molecular orientation and dis-
tribution can be particularly important is in orientation-dependent
intermolecular energy transfer and chemical and biomolecular
reactions occurring at interfaces.4�7 The likelihood of this
occurring and, thus, the fraction of energy that is transferred
are related to the orientation factor for transfer between the
reactants with mean orientational angles and their orientational
distributions.1,7�9 The geometric orientation and its distribution
of adsorbates at interfaces determine their structural and reactiv-
ity in interfacial environments.1,7�9

The general approach to investigate ultrafast molecular rotation is
to use a polarized pump pulse, which preferentially photoselects
ground state molecules whose transition moments are aligned
parallel to the pump electric field. This perturbation of the equilib-
rium ground state orientation decays as the ground state molecules
return to their equilibrium orientational distribution. This dynamic
reorientation has been monitored by time-delayed probe pulses.
With respect to the excited state molecules, they reorient to their
equilibrium orientational distribution, which can be followed by
fluorescence and by other probe methods.1,10 To investigate
molecular rotation and any other ultrafast processes at interfaces,
it has been shown that the interface-selective methods of second
harmonic generation (SHG) and sum frequency generation
(SFG) are of marked values.11�29 However, as stated in the
literature,30 “...A significant problem in interfacial spectroscopy is
the independent determination of both the mean angle of a
molecular axis and the angular distribution...”. One interesting
approach to obtain the orientational distribution of interfacial
molecules has beenmade by combining SHGmeasurements with
linear dichroism measurements.12,30�34 However, this method,
although useful, is limited to systems, in which the molecules of

interest are present only at the liquid interface, not in the bulk
liquid, for example, a Langmuir monolayer.

More often than not, interfacial molecular orientation dis-
tribution is assumed to be very narrow with a δ-function distri-
bution. In this way, a mean orientational angle is extracted from
experimental data.23,35�37 Although useful, knowledge of the
mean orientation is not sufficient to assess macroscopic order at
interfaces.38�40 In fact, molecular orientation distribution at inter-
faces may not be narrow in many cases, especially at the air/water
interface, in that thermal fluctuations and the resultant surface
roughness broadenmolecular orientational profiles.12,31�33 Further-
more, photoexcitation of interfacial molecules with a polarized
pump pulse perturbs the orientational distribution of the ground
state molecules. If the interfacial molecules have a δ-function
distribution, the pump pulse would only decrease the number of
ground state molecules without changing the orientational distribu-
tion; that is, the remaining ground state molecules would have the
same δ-function orientation as before the pump pulse. As a
consequence, there would be no time-dependent recovery in the
few hundred picosecond characteristic of orientational relaxation of
the probe molecule.38�40 Here, we present a novel approach for
measuring the mean orientational angle and orientational distribu-
tion of interfacial molecules.

’THEORY

The SHG intensity of any polarization combinations at
equilibrium, I2ω

Λ-in/Λ0-out, can be formulated with a fundamental
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ABSTRACT: We present a novel method for obtaining the orientational
distribution of molecules at the air/water interface by using a circularly
polarized pump pulse that is incident normal to the interface to excite
interfacial molecules to their excited electronic states. The second harmonic
generation intensities of two linearly polarization combinations (45�-in/
S-out and P-in/P-out) were measured. The ratio of their intensities measured
before and after the pump pulse was then used to obtain the mean
orientational angle and the orientational distribution utilizing a Gaussian
distribution. The mean orientational angle and the orientational distribution
of the organic dye molecule, coumarin 314, at the air/water interface were
found to be 55 ( 2� with respect to the surface normal and a full width at half-maximum of 16 ( 3�.
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beam, Iω, as the following generalized expression35,41�43

IΛ-in=Λ0 -out
2ω � jχð2Þ

Λ-in=Λ0-outj
2

¼ j½̂eΛ0 ð2ωÞ 3 Lð2ωÞ� 3 χð2ÞIJK : ½̂eΛðωÞ 3 LðωÞ�½̂eΛðωÞ 3 LðωÞ�j2
ð1Þ

where Λ and Λ0 are input and output light polarization angles
with respect to the incident plane. The χIJK

(2) is second order
susceptibility of interfaces, which is related to molecular hyper-
polarizability Rijk

(2) by the following expression.35,43

χð2ÞIJK ¼ N∑
ijk

RIiRJjRKk
� �

Rð2Þ
ijk ð2Þ

where RIi, RJj, and RKk are the direction cosine matrix that
transforms the laboratory frame (I, J, K) into the molecular
frame (i, j, k), N is the number of ground state molecules at the
surface at equilibrium, and Æ æ denotes the ensemble average of an
orientational probability distribution. The orientational probability
distribution of finding a ground state adsorbate with out-of-plane
angle θ and in-plane angle φ is Fg(θ, φ; t < 0).40 Prior to
photoexcitation, by symmetry, only the seven elements χXZX

(2) =
χYZY
(2) , χZXX

(2) = χZYY
(2) , χXXZ

(2) = χYYZ
(2) , and χZZZ

(2) are nonzero at liquid
surface (the X and Y axes are equivalent for an isotropic surface).43

The hyperpolarizability R(2) can be assumed to be uniaxial with
only one element Rzzz

(2) in the case when the SHG wavelength is
strongly resonant with a transition along themolecular axis z. Thus,
the first six χIJK

(2) are equal in both magnitude and sign. Because of
isotropic properties in the liquid surface plane, the in-plane angle φ
is integrated out, and consequently, the orientational distribution
function of ground state molecules depends only on θ, that is, Fg(θ,
t < 0). Thus, the seven nonvanishing susceptibilities at equilibrium,
that is, before photoexcitation, are35,43

χð2Þg, ZZZðt < 0Þ ¼ Ngðt < 0Þ cos3 θh iFgðθ, t < 0Þ R
ð2Þ
g, zzz

¼ Ngðt < 0ÞRð2Þ
g, zzz

Z
dθ sin θ cos3 θ Fgðθ, t < 0Þ

χð2Þg,XZXðt < 0Þ ¼ χð2Þg, YZY ¼ χð2Þg,ZXX ¼ χð2Þg,ZYY ¼ χð2Þg,XXZ ¼ χð2Þg, YYZ

¼ 1
2
Ngðt < 0Þð cos θh iFgðθ, t < 0Þ � cos3 θ

� �
Fgðθ, t < 0ÞÞRð2Þ

g, zzz

¼ 1
2
Ngðt < 0ÞRð2Þ

g, zzz

Z
dθ sin θðcos θ� cos3 θÞFgðθ, t < 0Þ

ð3Þ
According to eqs 1 and 3, we can readily express susceptibil-

ities χ45�-in/S-out
(2) and χP-in/P-out

(2) of the ground state of interfacial
molecules as the following22,35,43,44

χð2Þg, 45�-in=S-outðt < 0Þ ¼ LXXð2ωÞLZZðωÞLXXðωÞ cos 45� sin γin

sin 45� χð2Þg,XZXðt < 0Þ þ LXXð2ωÞLXXðωÞLZZðωÞ sin 45�

cos 45� sin γin χ
ð2Þ
g,XXZðt < 0Þ

χð2Þg, P-in=P-outðt < 0Þ ¼ � LYY ð2ωÞLZZðωÞLYY ðωÞ cos γout
sin γin cos γin χ

ð2Þ
g, YZY ðt < 0Þ � LYY ð2ωÞLYY ðωÞLZZðωÞ

cos γout cos γin sin γin χ
ð2Þ
g, YYZðt < 0Þ þ LZZð2ωÞLYY ðωÞLYY ðωÞ

sin γout cos γin cos γin χ
ð2Þ
g,ZYY ðt < 0Þ þ LZZð2ωÞLZZðωÞLZZðωÞ

sin γout sin γin sin γin χ
ð2Þ
g,ZZZðt < 0Þ ð4Þ

where LII(ωi) is a local field factor, which is readily calculated
based on the literature.35,42,43 The γin and γout are the angles of
the incident light and of the outgoing SHG light with respect to
the surface normal. It is very important to note that the 45�-in/
S-out and P-in/P-out SHG intensities can be written in the
following general formula23,37,45�48

IΛ-in=Λ0-out
2ω ðt < 0Þ � jANgðt < 0ÞRð2Þ

g, zzzð cos θh iFgðθ, t < 0Þ

� c cos3 θ
� �

Fgðθ, t < 0ÞÞj2 ð5Þ

where the coefficients A and c are functions of the incident and
outgoing angles with respect to the surface normal, and local
field factors are related to the dielectric constants of both the
fundamental and the second harmonic light frequencies in the
two bulk media and in the molecular layer.22,23 In our case,
A = 0.08, c = 1 for the 45�-in/S-out experiment; and
A = �0.048, c = 4.56 for the P-in/P-out experiment. Thus,
the ratio of 45�-in/S-out SHG intensity to P-in/P-out SHG
intensity is given by

I45
�-in=S-out

2ω ðt < 0Þ
IP-in=P-out2ω ðt < 0Þ

¼

�����0:08Rð2Þ
g, zzzð cos θh i � cos3 θh iÞ

�����
2

�����ð � 0:048ÞRð2Þ
g, zzzð cos θh i � 4:56 cos3 θh iÞ

�����
2

¼

�����0:08 cos θh i
cos3 θh i � 1

� ������
2

������0:048
cos θh i
cos3 θh i � 4:56

� ������
2 ð6Þ

We introduce an interfacial order parameter at equilibrium,
that is, before photoexcitation, R(t < 0),22,31,32,35,43,44 which is
given by

cos θh i
cos3 θh i ¼ Rðt < 0Þ ð7Þ

Thus, the measurement of the intensity ratio together with
eq 6 yields R(t < 0).

Upon photoexcitation, the transient SHG intensity, for any
polarization combination, is a coherent mixing of the ground
state and excited state susceptibilities38,40,49,50

IΛ-in=Λ0 -out
total, 2ω ðtÞ �

�����χð2Þg,Λ-in=Λ0-outðtÞ þ χð2Þ
e,Λ-in=Λ0-outðtÞ

�����
2

ð8Þ

Using a circularly polarized pump pulse that is incident parallel
to the surface normal results in a perturbed ground state
orientational distribution Fg(θ, t = 0) at t = 0. It is given by
Fg(θ, t < 0)[1 � η|μ|2|Ec|

2 cos2(90� � θ)] = Fg(θ, t < 0)
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(1 � η|μ|2|Ec|
2 sin2 θ), where 90� � θ is the angle between

the circularly polarized light field and the transition dipole for
the ground and excited state and η is a collection of constants
associated with photoexcitation. The probability of the ori-
entational distribution for the excited state can be expressed
as Fg(θ, t < 0)η|μ|2|Ec|

2 sin2 θ. The reasons for using a
circularly polarized pump pulse and normal incidence will be
discussed later.

For the perturbed ground state, we can write susceptibilities as
the following40

χð2Þg,ZZZðt ¼ 0Þ ¼ Rð2Þ
g, zzz

Z
dθ sin θ cos3 θ½Ngðt < 0Þ

�Neðθ, t ¼ 0Þ�Fgðθ, t < 0Þ

¼ Rð2Þ
g, zzz

Z
dθ sin θ cos3 θ Ngðt < 0Þ

ð1� ηjμj2jEj2 sin2 θÞFgðθ, t < 0Þ

χð2Þg,XZXðt ¼ 0Þ ¼ 1
2
Rð2Þ
g, zzz

Z
dθ sin θðcos θ� cos3 θÞ

Ngðt < 0Þð1� ηjμj2jEj2 sin2 θÞFgðθ, t < 0Þ ð9Þ

For the excited state, the susceptibilities are

χð2Þe, ZZZðt ¼ 0Þ ¼ Rð2Þ
e, zzze

iδ

Z
dθ sin θ cos3 θ

Neðθ, t ¼ 0ÞFgðθ, t < 0Þ

¼ Rð2Þ
e, zzze

iδ
Z

dθ sin θ cos3 θ

Ngðt < 0Þηjμj2jEj2 sin2 θ Fgðθ, t < 0Þ

χð2Þe,XZXðt ¼ 0Þ ¼ 1
2
Rð2Þ
e, zzze

iδ
Z

dθ sin θðcos θ� cos3 θÞ

Neðθ, t ¼ 0ÞFgðθ, t < 0Þ

¼ 1
2
Rð2Þ
e, zzze

iδ
Z

dθ sin θðcos θ� cos3 θÞ

Ngðt < 0Þηjμj2jEj2 sin2 θ Fgðθ, t < 0Þ ð10Þ

where δ is the phase difference between the ground state
hyperpolarizability and the excited state hyperpolarizability.
In the case of a two-level system, the phase δ is π.40,41 In our
case, the electronic transition of coumarin 314 from S0 to S1
is dominant, and coumarin 314 can be approximately con-
sidered as a two-level system. Thus, the excited state and
ground state of coumarin 314 have hyperpolarizabilities
of the same magnitude but opposite signs, that is, Re,zzz

(2) =
�Rg,zzz

(2) .
As an example, the susceptibilities for P-in/P-out po-

larization combination the ground state and excited state

at t = 0 are

χð2Þg, P-in=P-outðt ¼ 0Þ ¼ Rð2Þ
g, zzz

Z
A dθ sin θðcos θ� c cos3 θÞ

Ngðt < 0Þð1� ηjμj2jEj2 sin2 θÞFgðθ, t < 0Þ
¼ ANgðt < 0ÞRð2Þ

g, zzz cos θ� c cos3 θ
� �

Fgðθ, t < 0Þ

� ANgðt < 0Þηjμj2jEj2Rð2Þ
g, zzz ðcos θ� c cos3 θÞ sin2 θ� �

Fgðθ, t < 0Þ

χð2Þe, P-in=P-outðt ¼ 0Þ ¼ Rð2Þ
e, zzze

iπ
Z

A dθ sin θðcos θ� c cos3 θÞ

Ngðt < 0Þηjμj2jEj2 sin2 θ Fgðθ, t < 0Þ
¼ � Rð2Þ

g, zzzANgðt < 0Þηjμj2jEj2 ðcos θ� c cos3 θÞ sin2 θ� �
Fgðθ, t < 0Þ

ð11Þ
By substituting eq 11 into eq 8 for P-in/P-out polarization

combination, we obtain, at t = 0

IP-in=P-outtotal, 2ω ðt ¼ 0Þ �
�����χð2Þg, P-in=P-outðt ¼ 0Þ þ χð2Þe, P-in=P-outðt ¼ 0Þ

�����
2

¼
�����ANgðt < 0ÞRð2Þ

g, zzz cos θ� c cos3 θ
� �

Fgðθ, t < 0Þ

� ANgðt < 0Þηjμj2jEj2ðRð2Þ
g, zzz � Rð2Þ

e, zzzÞ ðcos θh

� c cos3 θÞ sin2 θ�Fgðθ, t < 0Þ

�����
2

� I2ωðt < 0Þ � 4A2N2
g ðt < 0Þηjμj2jEj2ðRð2Þ

g, zzzÞ2 cos θh
� c cos3 θ

�
Fgðθ, t < 0Þ ðcos θ� c cos3 θÞ sin2 θ� �

Fgðθ, t < 0Þ

ð12Þ
Thus, a change in SHG intensity from t < 0 to t = 0 is

ΔIP-in=P-out2ω ðt ¼ 0Þ ¼ IP-in=P-out2ω ðt ¼ 0Þ

� IP-in=P-out2ω ðt < 0Þ ¼ � 4A2N2
g ðt < 0Þηjμj2jEj2ðRð2Þ

g, zzzÞ2 cos θh

� c cos3 θ
�
Fgðθ, t < 0Þ ðcos θ� c cos3 θÞ sin2 θ� �

Fgðθ, t < 0Þ ð13Þ

Figure 1. (A) Out-of-plane orientation (θ) and in-plane orientation
(φ). (B) Schematic of the orientational distribution after photoexcita-
tion. Top view: ground state (blue arrow) and excited state (red arrow)
of coumarin 314.
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Furthermore, we can write the relative change as follows

ΔIP-in=P-out2ω ðt ¼ 0Þ
IP-in=P-out2ω ðt < 0Þ

¼
�4ηjμj2jEj2ð ðcos θ� c cos3 θÞ sin2 θh iFgðθ, t < 0ÞÞ

ð cos θh iFgðθ, t < 0Þ � c cos3 θh iFgðθ, t < 0ÞÞ

¼ � 4ηjμj2jEj2 1�
cos3 θh iFgðθ, t < 0Þ � c cos5 θh iFgðθ, t < 0Þ
cos θh iFgðθ, t < 0Þ � c cos3 θh iFgðθ, t < 0Þ

0
@

1
A

¼ � 4ηjμj2jEj2 1�
1� c

cos5 θh iFgðθ, t < 0Þ
cos3 θh iFgðθ, t < 0Þ

cos θh iFgðθ, t < 0Þ
cos3 θh iFgðθ, t < 0Þ

� c

0
BBBBB@

1
CCCCCA ð14Þ

In a similar manner, the relative change in SHG intensity
for 45�-in/S-out polarization combination at t = 0 is ex-
pressed as

ΔI45
�-in=S-out

2ω ðt ¼ 0Þ
I45

�-in=in-out
2ω ðt < 0Þ

¼ � 4ηjμj2jEj2 1�
1�

cos5 θh iFgðθ, t < 0Þ
cos3 θh iFgðθ, t < 0Þ

cos θh iFgðθ, t < 0Þ
cos3 θh iFgðθ, t < 0Þ

� 1

0
BBBBB@

1
CCCCCA
ð15Þ

It is to be noted that for a δ-function distribution, the relative
changes in SHG intensity for the 45�-in/S-out and P-in/P-out
polarization combinations are equal.

At t = 0, the order parameter is

Rðt ¼ 0Þ ¼
cos3 θh iFgðθ, t < 0Þ
cos5 θh iFgðθ, t < 0Þ

ð16Þ

Thus, the order parameter, R(t = 0), can be obtained from the
ratio of the relative change for the 45�-in/S-out to that for the
P-in/P-out at t = 0 using eqs 14 and 15.

The order parameters R(t < 0) and R(t = 0), being indepen-
dent experimental observables, allow us to calculate an orienta-
tion distribution function with two unknown variables. If the
orientational distribution function is Gaussian

F ¼ 1ffiffiffiffiffiffiffiffiffiffi
2πσ2

p exp �ðθ� θ0Þ2
2σ2

 !
ð17Þ

One can readily obtain the mean orientational angle θ0
and σ, which is related to the full width at half-maximum
(fwhm) 2(2ln2)1/2σ, from the measurements of R(t < 0) and
R(t = 0).

’EXPERIMENTAL SECTION

The experimental aspects of measuring time-dependent SHG
responses at the air/water interface have been described earlier.38,40

In the experiment described here, a femtosecond near IR pulse
and a femtosecond visible beamwere used as a probe and a pump
(Figure 1). A mixed regeneratively and multipass amplified Ti:
sapphire laser (Quantronix) was used to generate 3.5 mJ energy,
100 fs duration, and 800 nm wavelength pulses of light at 1 kHz.
The pump excitation light at 420 nm was obtained using an

optical parametric amplifier (OPA, Clark MXR). The 0.5 μJ
pump was focused by a 1 m focal length lens and directed to
the sample at normal incidence to a 1 mm diameter spot. A
polarizer followed by a quarter-wave plate (zero order quartz
at 420 nm) were used to control the polarization. The probe
was generated by another OPA (Palitra, Quantronix) sent
through a half-wave plate and then focused onto the sample
by a lens of 300 mm focal length to a 0.4 mm spot diameter.
The probe incidence angle was 70� fromnormal. The polarization
of the probe and the setting of the analyzer could be varied to
select the desired input and output polarized combinations. A
colored long-wave pass glass filter was placed in the probe beam
immediately before the sample to block any spurious source of
SH. A polarizer was used to analyze the SHG signal of the desired
polarization. Finally, a colored short-wave pass glass filter was
used to block any remaining fundamental, and the SHG was
focused into a 1/4 m monochromator (Jarrell Ash) and detected
by a photomultiplier tube (R4220P, Hamamatsu). The signal
from the PMT was gated by a boxcar gated integrator and then
fed into a lock-in amplifier, which was synchronized with a 500
Hz chopper in the pump beam. The output from the lock-in
amplifier was digitized by a computer A/D board (National
Instruments), and the SHG was recorded as a function of time
delay between the pump and the probe.

The bulk concentration of coumarin 314 of 15 μM was
used for all of the experiments. A shallow Teflon beaker was
used to contain the C314 solution. This beaker was rotated at
1 rpm with the probe spot 1 cm off axis to minimize any
heating or other photoinduced process in the pump/probe
region of the surface.

’RESULTS AND DISCUSSION

As shown in Figure 1A, the out-of-plane angle θ subtends the
molecular z-axis and the Z-axis normal to the surface plane, and
the in-plane φ subtends the projection of the molecular axis z in
the surface plane. The in-plane φ angular distribution is isotropic
at equilibrium because the in-plane time-averaged intermolecular
forces are isotropic. However, the asymmetry in forces normal to
the interface, for example, air above and water below the interface,
is responsible for the high degree of orientation for the adsorbates
out-of-plane angle θ. The in-plane isotropic orientational distribu-
tions for ground state and excited state molecules are depicted
schematically in Figure 1B (top view). The reason for our choosing
a circularly polarized light that is incident along the surface normal
was to achieve the result that both the ground state and the excited
state molecules be isotropically distributed in the interface plane.
It is because the amplitude of the circularly polarized pump light is
isotropic in the interface plane that the excited molecules are also
isotropically distributed.

The time-dependent polarized SHG intensities, I2ω(t), of cou-
marin 314 at the air/water interface for 45�-in/S-out and P-in/P-out,
are shown in Figure 2 (A) and (B). To obtain the order parameter
R(t<0), the SHG intensities for 45�-in/S-out andP-in/P-out at t<0
were measured. At t < 0, the SHG intensity of coumarin 314 for the
45�-in/S-out is 1.8 times that for the P-in/P-out. According to eq 6,
the order parameter R(t < 0) was found to be 2.6 ( 0.2.

To obtain the order parameter R(t = 0), the relative change in
SHG intensity, ΔI2ω(t = 0)/I2ω(t < 0), for the 45�-in/S-out and
the P-in/P-out were measured, making sure that the pump
intensities were the same. The time-dependent ΔI2ω(t = 0)/
I2ω(t < 0) quantities are shown in Figure 2C. From these curves,
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we obtained the order parameter, R(t = 0) to be 3.1 ( 0.2.
With the two independent experimental observablesR(t < 0) and
R(t = 0), the mean orientational angle and fwhm of a Gaussian
distribution were determined to be 55 ( 2� and 16 ( 3�,
respectively (Figure 3).

Although we have assumed a particular orientational distribu-
tion, namely, Gaussian, our approach can be applied to other
distributions having two variables. For example, the wobbling-in-
a-cone model has been used to describe orientational diffusion in
an environment, for which all of the orientations for a given
molecular axis are restricted to be within the cone.9,30,51 The tilt
angle of the cone relative to the surface normal, θLC, and the half-
cone angle θS, that is, from one side of the cone to the center of
the cone, are combined to depict free diffusion inside the
cone.9,30,51 Within the cone, molecules are assumed to have
the same orientational probability. From the two order para-
meters, R(t < 0) and R(t = 0), the tilt angle θLC and half-cone
angle θS were found numerically to be 54 ( 2� and 11 ( 2�,
which is very close to those with a Gaussian distribution. It is
somewhat surprising that both the Gaussian distribution model
and the wobbling-in-a-cone model give similar results.

To summarize, we have presented a direct measurement of
orientational distribution width at the air/water interface by
using circularly polarized pump and polarized SHG probes. Our
approach entailed probing the two different polarization combi-
nations (45�-in/S-out and P-in/P-out), which exhibit distinctive
responses to a circularly polarized pump beam along the surface
normal. The different responses of the two polarized SHG at t = 0
provide an additional order parameter R(t = 0). Taken together
with the order parameter R(t < 0) at equilibrium, that is, before
the pump pulse, the mean orientational angle, and its distribution
width of coumarin 314 molecules at the air/water interface
were determined. The experimental result indicates that coumarin
314 dyemolecules show a broad orientation distribution of 16� at
the air/water interface.
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